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NOMENCLATURE

Roman Letters
a

Inside radius of pipe or constant

b

Constant

c

Specific heat

d

Wire diameter

e

Voltage

g, G

Effective cooling velocity or acceleration of gravity

h

Combined heat transfer coefficient

i, I

Wire current

k

Thermal conductivity

1

Length

m

Wire mass

n

Angle coefficient

P

Fluid pressure

r

Pipe radius or perturbation resistance

t

Time
'Velocities in x, y, and z directions, respectively
Lower case: perturbation;
Overbarred:

upper case: instantaneous

time-averaged

Euclidean coordinates of distance and location

A

Wire cross-sectional area or constant

B

Constant

E

Voltage or corrected meter reading

NOMENCLATURE (continued)

F

Some function of the pV product

H

A function

IE

Internal energy

J

A function

K

A constant which depends on equipment, etc.

KE

Kinetic

L

Integral scale

M

energy

Meter reading or grid mesh size

N

Resistance ratio

Nu

Nusselt

Pr

Prandtl number

Q

Heat transfer rate

R

number

Electrical resistance, correlation coefficient, or ideal gas
constant.

Re

Reynolds number

RF

Recovery factor

T

Absolute temperature

Wk

Work

Greek Letters
a or g

Angle of wire to mean flow velocity

Y

Wire density

5

Wire temperature coefficient of electrical resistance

r
M-

Microscale or fluid thermal conductivity
Dynamic viscosity of fluid

NOMENCLATURE (continued)

p

Density of fluid

6

Excess temperature of wire over surroundings

jt

3.lUl6

Subscripts

1,2

Wires 1 and 2

A,B

Wires A and B

a,b,c

Particular values or positions

D

Difference signal

atm

Atmospheric

e

Equilibrium

G

Amplifier

i

Input

j

Identifying index

m

Meter

N

Noise signal

o

Arbitrary reference level or output

p

Constant pressure

s

Square wave or stream

S

Sum signal

v

Constant volume

w

Wire

wa

Adiabatic wall

x,y,z

Indicates a particular orientation of subscripted quantity

NOMENCLATURE (continued)

Special Symbols
' (prime)

Indicates R.M.S. value, first derivative ) or alternate
special designation.

(overbar)
A

Indicates time average
Small difference in following quantity

(overdot)

Time rate

INTRODUCTION

One very important part of research is the development of effec
tive, reliable instruments.

The measurement of turbulence in flow fields

is a complex research problem.
anemometer.

It depends heavily upon the hot-wire

This thesis describes the evaluation and use of a constant-

current hot-wire anemometer, and presents the equations governing its use
for turbulence measurements.
The thesis first enumerates and explains some of the important
parameters of turbulent flows, providing the basis for the discussion of
their measurement which follows.

The cooling of a heated wire in forced

convection and a typical anemometer circuit are discussed.

Derivations

of the instrument equations are presented to illuminate the instrument's
operation.

Two wire arrays and their use are explained and techniques

for the measurement of the intensities, correlation coefficients, and
integral scale of turbulence are described.
The data of Laufer [1],

and that of Baines and Peterson [2],

which was chosen as a calibration standard and comparison for the equip
ment and techniques used in this study, is presented and discussed.
The proposed test series for verification of the present equip
ment and techniques is presented next, and a discussion of the wind tunnel
and other equipment designed and used in the study follows. A summary of
the test results and a section describing conclusions and recommendations
end the thesis.
Appendices are supplied as noted in the Table of Contents.

—Numbers in brackets refer to references listed in the Bibliography.
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LITERATURE SURVEY

Turbulence Parameters

An understanding of the operation of a measuring apparatus depends
heavily upon a familiarity vith. the phenomena to be measured.

The brief

discussion of turbulence and its descriptive parameters which follows is
prefaced by a short historical note.
As the study of fluid phenomena developed, and the problems of
hydrodynamics merged closely with those of heat transfer, greater interest
and more important engineering techniques have come to bear on the theo
retical and experimental aspects of turbulence.

Probably the greatest aid

to the development of knowledge in both of these aspects has been the evo
lution of the hot-wire anemometer into a practical research tool.
Taylor [4] early recognized the applicability of the hot-wire
anemometer for turbulence measurements, although it had previously served
well for steady-state measurements.

The steps between the early instru

ments of Taylor and his associates and the fine hot-wire equipment of

i

today represent a great effort by relatively few researchers.
equipment is of very recent availability.

Commercial
I
An example of the commendable

effort expended to develop suitable hot-wire instrumentation is given by
Kovaznay [5].
Turbulence has been defined by von Karman and Taylor:

"Turbulence

is an irregular motion which in general makes its appearance in fluids,
gaseous or liquid, when they flow past solid surfaces or even when they
flow past solid surfaces or even when they flow past or over one another"
[6],

It is fortunate, as Lin [8 ] points out, that the particular type of

irregularity in turbulent flow is subject to statistical treatment.

This

3
is the great advantage of the hot-wire anemometer:

it produces statisti

cal data that makes possible the characterization of turbulent flows.
The usual description postulates a flow with average velocity in
the x direction given by U, and with perturbational velocities u, v, and
w (in the x, y, and z directions, respectively) superimposed.

The magni

tudes of u, v, and w are small relative to U, so that their effect is to
change the direction, rather than the magnitude, of the total velocity
vector.

Figure 1 illustrates this.

We define the time-average velocity,

U, as
-t + At

u

\(U +U) dt.

(1 )

so that the time-average of u over any finite interval A t must be
t-t-At
= ±
At

r
1

u. At = 0

(2 )

Jt
Likewise, for the other perturbation components:

T T = "Ur — O

(3)

Velocity histories such as those shown in Figure 2 are representative.
One can see why the time-averages of instantaneous components vanish by
consideration of equation (2) together with Figure 2b.
waveform.

This shows a sine

Note that the integral in equation (2) represents the area

under the u-t curve, which for large

t is zero in the limit.

Although

the time-average of u is zero, its absolute value has a finite nonzero
value.

This is conventionally expressed in terms of the root-mean-square

value.7' Consider again Figure 2b wherein the curve of u

2

is shown as a

It
A short excursion into the theory plainly shows why the R.M.S.
value is used. The R.M.S. value is proportional to the perturbation
kinetic energy.

4

5
dashed line.

The area under this curve is positive, and increases mono-

tonically with time.

We then define

U l'

■t S

T

5

(M

«

called the "intensity" or "absolute intensity" of turbulence in a given
direction.
velocity.

It will be seen that this is an R.M.S. value of perturbation
The "relative intensity" or "level" of turbulence in the x

direction is defined as

G E L A T IN E INTENSITY' I

*%

= r- f

^

U

Although the relative intensity is a partial index of turbulence
activity, it furnishes far too little information for a good understand
ing of the flow.

One may think of a turbulent flow field as being com

posed of many eddies or vorticies of random size and in random directions.
In general, the turbulence intensity tells us little about these eddies.
A parameter called the "scale" or "integral scale" helps to describe them.
If we consider a flow field with velocities varying in space and
time (similar to that shown in Figure 2a), and examine the velocity fluc
tuations at two points, say a and b, separated by a distance x, then the
following definition may be made for a correlation coefficient.

_ (Up

Ub )

”«) (
.
u'b)
This describes the degree of similarity existing in the flow at these two
points.

Obviously if x = 0, R^ = 1, and as x tends toward infinity in

the limit, R_ goes to zero, since statistically u is negative as often as
it is positive.

Imagine a turbulent flow field in which two hot-wire

6
sensing elements are aligned on the x axis, one sensor is located at the
origin, the other a distance

xq

downstream.

If one remembers the typical

waveform shown in Figure 2a and predicts what would happen as the second
sensor was moved from x = 0 to x =00 > one would expect R to decrease
o
o
x
raonotonically, typically like one member of the family of curves shown in
Figure 3*

The ahcissa at which the correlation begins to drop off rapidly

is thus an indication of the "average eddy size".

To make this more pre

cise, we define the "integral scale" of turbulence in the x direction as

r +co

LX “
Since

J

^

represents the total area under the R^ - x curve, it gives a real

indication of the average eddy size.

It is the average probe separation

*

which would keep both probes in the same eddy.

Other correlation co

efficients and scales are defined similarly for other directions.
Isotropic turbulence is defined as that particular flow situation
in which the flow field has, at every point, uniform statistical parameters
in all directions [7].
L

y

= 1/2 L

'

x

For isotropic turbulence it has been proved that

[10].

Another parameter of practical utility is the microscale, \ , de
fined as
U'

~

U

UL'

(8)

" D 5 ST‘ ‘

[ W f

1

which is an estimate of the average size of the smallest eddies.

Eddies

*
This discussion follows closely the presentation of Dean [11].

7
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of size smaller than the microscale cannot be sustained because of the
high viscous dissipation (see Hinze [7], page 6 ).
As a further aid to understanding the isotropic turbulent flow
field, an analysis of the turbulence spectrum is often used.

This is

usually done by analyzing the kinetic energy contained within each fre
quency band.

Thus the random velocity variations may be resolved into

harmonic components by Fourier analysis methods.

Although involved and

laborious analytically, this procedure is made relatively simple experi
mentally by selective filtering of hot-wire signals.

A curve similar to

Figure k results.
The proof of an interesting relationship between graphs like
Figures 3 and U for a particular flow field is given by Taylor [12].

He

showed that the spectrum curve is the Fourier transform of the correla
tion curve, so that the two analyses are equivalent for isotropic
turbulence.
It is not the purpose of this paper to give a complete listing
of turbulence parameters; the above are important parameters of general
application, and their discussion should give the reader sufficient
background for further personal inventigation of the literature.

Inter

ested readers will find much helpful information in references 3> 7> H
and 13 .

Instrument Equations

The hot-wire anemometer depends upon the cooling effect of mass
flow past a heated long cylinder for its "measurement" of stream prop
erties.

This cooling effect conventionally is measured in one of two

9
ways "both of which evaluate the electric power consumption of the hot wire
while it is exposed to the flowing fluid [lU].

These are the constant

current and constant temperature operating modes.

The constant current

technique employs circuitry connecting the heated filament and a rela
tively large resistor in series across a battery.

Voltage measurements

across the filament are a measure of wire resistance as current remains
constant.

These data are then easily converted into meaningful informa

tion about stream properties.

This technique has the advantages of

simpler circuitry for most applications, higher low-velocity sensitivity,
and excellent adaptability to turbulence measurement than the constanttemperature system [15]•
The constant temperature (alternately called constant resistance
because of the temperature-dependence of resistance) technique employs
an electronic feedback system to maintain the temperature of the heated
filament at a constant level.

The voltage and current are them inter

preted to find stream property information.

This technique is preferable

for some applications because of the simple relationship between velocity
and output signal but requires more detailed and troublesome circuitry
than the former to obtain equivalent results in turbulence studies [11].
A detailed comparison of the two techniques is beyond the scope of this
paper.

Constant Temperature Mode

The hot wire lends itself to development of different mathemati
cal models.

Consider a wire of circular cross-section with diameter d,

length 1, supported between posts at temperature T^> and exposed to a
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flowing fluid having temperature T , density

, and velocity V normal

jjk
to the axis of the wire.

Let the temperature of the wire "be given by T,

and the excess temperature of the wire over the surrounding fluid by 9 .
We shall assume that the wire has a constant heat conductivity k, tempera
ture-dependent electrical resistance given by

R
where

= k ( l + ^ 6 )
o

(9)

is the temperature coefficient of resistance, constant-volume

specific heat c , and mass-density

^ .

Let h be the combined heat

transfer coefficient between the wire and its surroundings.

In the

majority of cases h may be taken as the convection film coefficient, but
must be corrected to include radiation or conduction to adjacent bodies
when these are not negligible.

It will be assumed for the purposes of

this discussion that forced convection is the dominant mode of heat
transfer.

Later a brief discussion of the determination of h as a func

tion of the other properties of the system will be given.
Figure 5 represents half of the wire, and also shows a small
shell with the pertinent energy exchange quantities.

Writing a first-law

energy balance on a unit time basis, we have

6.

- w

=

^

do)

or, the heat supplied to the system by conduction and convection minus
the work done by the system equals the time rate of change of system

^ F o r treatments of non-perpindicular flows, see a later section;
also see references 11, 15, l6 and IT.

11
internal energy.

This may be completely specified in terms of the small

shell of Figure 5 as

i l

dt
which reduces to

Dividing by dx and applying the Mean Value Theorem, we get, after rear
rangement

be _ i

(11)

dt

where A = ^ 1 —
and. r is the resistance of the wire at temperature T .
lira1
s
s
Equation (ll) is discussed briefly by Carslaw and Jaeger [18], who suggest
a solution using the LaPlace transform, and also discussed by Churchill
[19].

Before considering a solution process, however, let us examine the

relationship among the film coefficient and the remaining properties,
particularly the velocity.
From a customary approach using dimensional analysis, Dean, et. al.
[11] arrive at the standard form expressions for forced convection past a
circular cylinder, based on the work of McAdams [20]:

Laminar
unar Flow
j;xow
(0.]12S Re £ 1000)

.

k]u

Turbulent Flow
(1000
Re
50,000)

\ 0.52

+ 0,4-7(R e )
ki

_

a

?

P

\°'h
f

(12)

(13)

, Pr =
} Re =
; and A = thermal conductivity of
A.
A
*the fluid, ^ = fluid density, c = constant pressure specific heat of

where Nu =

12
the fluid, and JA = the dynamic viscosity of the fluid.

Since the dia

meter of the wire used in hot-wire anemometers is always very small, only
uncommonly high velocities (over 3>000 feet per second for standard air)
can be expected to produce conditions warranting the use of equation (13 )°
We shall therefore examine only equation (12).
Rearranging, we get"*

h=

(0.35 -t-0.4-7

U1
*)

Combining equation (l4) with the solution of equation (ll) would
yield a relation among the wire current and the stream variables, in
terms of the constants of the wire and the stream.
Although the solution to equation (ll) is accessable by conven
tional methods, a simpler approach is usually followed because the effects
of end conduction from the wire are small.

Dean, et. al. [11] develop

this simpler approach by assuming that the total energy entering the wire
is due to the wire current, and that energy is lost only by convection.
Considering the entire wire of length 1 as a thermodynamic system, express
the energy balance as
Q

MTdl(T-T«,)tI K

=

(gLL^

This equation is accurate only when corrected for velocity effects by
using the adiabatic wall temperature, T

Wa

. in place of the stream

in equation (l4), P has been set equal to 0 .71+> a typical
value for air and similar gaSses.

(15)

13
temperature [12].

Combination of equations (9 ), (lU), and (15 ) with the

definition of the adiabatic wall temperature:

-t K^r-

^

c p

>

where RF is a recovery factor (typically about O .85 in numerical value;
given as O .65 for hot-wire applications by Dean [11], page 113), yields

11

=

(l6)

This is Dean's relation for the heat loss from a heated wire with tempera
ture independent of length; it neglects the effects of radiation, free
convection, and conduction to end supports.

For a given gas flow meas

urement problem, a time average of equation (l6 ) gives

A
[035+OAT
£0 (!-$©}

(17)

For most air flow applications the velocity fluctuations are
small compared with the average velocity, and the stagnation temperature
at any point is essentially constant with time.

Jf> ,

Under these conditions

^ , Pr, and
(18 )

K w q = R -f S l ^ o ( T u n - T ) *
are also essentially constants.

Then

<*>
gives the form of the response equation for steady flow, and for steady

~Equation (18 ) establishes the equivalence between wire temperature and resistance.

lU
turbulent flow, the sensitivity is obtained by differentiation:

(20 )
Equations (19) and. (20) are the basis for constant temperature
hot-wire anemometer operation.

A simpler circuitry is used in the con

stant current technique for turbulence measurement, and its features
seem to be more popular for that purpose than those of the constant
temperature system.

We shall therefore henceforth confine our attention

to the constant current system.

Further information about the constant-

temperature system is available in the references.

Constant Current Mode

Under the assumption of constant current operation, equations
(l6) and (18 ) become

«z&

_

^ cl 1 Cv/
4- h fC„‘

For small velocity fluctuations, _p , ^

Pr, and Rwa are all essen

tially constant as before, so we have the form

and with measurement over long periods, we have for the time-averaged
equation (since the time derivative of Rv has a time average of zero),

i= COfJST.

(22)
B,

+ B y Vi-

i*
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and again a single differentiation gives the sensitivity to fluctuations
as

(23)

5>V i=cowsv

2VMEi + B*'fa-i1)7-

Equations (22) and (23) are the instrument response equations for
a constant current anemometer.

Equations (l6) through (23) are given by

Dean [11] to demonstrate typical operation of the two anemometer modes.
We shall now develop working equations using a similar approach based on
the work of King [22].
In an excellent early treatise on hot-wire instrumentation, King
proposed the following equation for the heat loss from a long heated wire
in frictionless, incompressible flow with Vd

5

2 x lCr

2

ft /sec:

i'-Kw=(5*d2lc- ^ +[a +'^75' v/fv] (Tw-Tvw)

<»)

It is interesting to notice that both equation (22) and equation (2l+)
express the heat loss, and subsequently the wire resistance as a function
of the square root of V for steady, incompressible flow with small
velocity fluctuations.

The Flow Corporation [15] made note of this, and

they proposed the following form for the heat loss, based on the work of
King [22], Lowell [16], Kovaznay [23], and Spangenburg [17], for the
usually encountered property value ranges,

and based on the assumptions

of ideal gas flow with limited velocity fluctuations:
(25)

Accurate to within 10$, according to reference 15, page 29.
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F is here some function defined by experiment, to satisfy equation (25).
From (25), and the expression for temperature dependence of wire resist
ance, equation (9 ):

R - R
= R
v
wa
o

’

1

F(pV) L

K

iaT

(T,r - T ), we have
w
wa"

f^g"[

^ 0 ^

(26a)

J,

or

(26b)
3. (

“ RU*)

1

L ^w/lCwa" I J

Now, if the resistance ratio Rw/Rwa is held fixed,

F(pV) =

— & g° g>,

where B is a constant.

(27)

Equation (27) expresses the relationship between

a function of the pV product and the wire current for steady flow.

It

may be used very simply to establish average velocities if F(pV) is
evaluated by calibration.

In constant current anemometers such a cali-

__ q /2
_
bration usually yields a linear relation between (pV)' 7 and (i) [2, 2U,
3].
For turbulence measurements, the fluctuating component of velocity
is desired, and it may be reduced from data by the use of equation (27 ).
If one considers that in turbulent flow there exists a steady average
with a superimposed perturbation on all varying quantities, then from
the definition of the derivative and equation (27)

F(pN/-V p v ) =

F (?v)

+

p -V F '{ P \J)j

(28)

for small values of pv, where F represents the average function value and
pv«F* (pV) the perturbation value of the function.

Also, for the

17
instantaneous wire resistance
(29)
where R and r represent the time average and fluctuating components of
resistance, respectively.
An energy balance on the wire gives:
ENERGY INPUT = HEAT LOSS + ENERGY STORED.
Using equations (26a), (28), and (29 ) appropriately to quantify this
semantic equation gives

F(pV)+VpF'(?^)

+ Q sroicffb J

(30)

where Qstore(i is appropriately further specified as
—

^

1 y
C*’. C.

Q , STDKEb

dr

** %

But from (9 ),

K - R-0[\-vi(T-T0)],
or

So

dt

L

rJ —

e
U )
di,

giving
1 gjvi
"
Therefore, with (30), we have

^

T

T

dt

(31)
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Performing the indicated, algebraic operations gives the time average
eq.uation

1^

=

—

rs.oo

(^-^a)

(33a)

F(pVi)

Subtraction of (33a) from (32) gives the perturbation equation

P

t

=

p v F ( Pv ) + v f ( p V ) •/CvTI-d^d r ]

(33b)

Since the current is constant, we may write the fluctuating component of
wire voltage as e = ir, or, using equation (33t>):

(lF-izEToS)e

\r

iUK-Z^a)

(3i+)
p F'CpVJ)

Now, since p and v are nearly constant, as are i, Rq> ^ > cy , and the
geometrical parameters, and since R - Rwa remains nearly constant for a
given operating point in steady flow, F and F* are also constant, and it
is convenient to write

v - -

I

(35a)

e

where
Jx

=

I

Q-Hci

i K ^ - ^ p F T p v ;

J-^ and J2 depend upon the operating conditions at the given point.
Equation (35a) could be used as it is to evaluate perturbational
velocities, provided both e and de/dt could be measured.

However, since

all of the above parameters are fixed for a given measurement, there is
a fixed combination of e and de/dt for a given v.
can be made to perform the proper combination.

An electronic circuit

To understand how this

lb

!Ei.<3UKe..fe«

u, ^/set

Figure 7:
l Y P l C - K L Cmibr a t i o n Family
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combination is performed, one must first understand the circuitry of the
constant current anemometer.

Circuitry of the Constant Current Anemometer

Figure 6 shows typical anemometer circuitry for a constant current
system.

Resistor R^ is the shunt resistor which maintains a constant wire

current, by keeping the bridge current at a constant level.

R& , R^, Rc ,

and R + r compose a bridge which allows accurate control and measurement
of wire voltage and current.

R

cL

is generally comprised of an accurate

milliamraeter and shunt resistance to allow the measurement of wire cur
rent.

R^ controls the resistance ratio (ratio of resistances of wire

filament hot and cold, given hereafter as N) of the bridge, and hence
regulates the sensitivity of the instrument (see equation (25b)).
allows the bridge to be balanced so that only the perturbational com
ponent of wire resistance is sensed as an output.

Obviously, for balance,

we have the time average relation
=

S k

(36)

rsc
The procedure for average velocity calibration then simply in
volves the measurement of the wire current required to maintain balance
over the useful range of velocities, and the plotting of these data.
typical family of calibration curves is shown in Figure 7.
value of N is the parameter of the family.
tion curves is given in Appendix B.

A

Note that the

An actual family of calibra
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Returning to the discussion of turbulence measurements, we recall
that the measurement of the perturbation velocity involved the evaluation
of tvo terms of the differential equation (27a).

An automatic technique

involves the use of "compensation” in the amplifier.

A properly compen

sated amplifier adds e and de/dt as required by equation (35a)
an output proportional to v.

to produce

This, then, compensates for the time lag

caused by the wire's heat capacity.

To do this, we use an amplifier whose

output eQ is related to its input e^ by

(35b)

Adjustment of the ratio of H

and Hg is facilitated by the fact that

the velocity fluctuations can be simulated by independently heating the
wire with a square wave of current.
Referring again to Figure 6, consider that the bridge is balanced
with the heated wire filament exposed to a constant-velocity stream (so
that r = 0) with an average current i flowing in the wire.

A constant-

current square wave is induced as shown across the bridge from 1 to 2.
The average value of the square wave current, i , is zero, hence the timeaverage bridge balance is not affected by the superimposed current.

De

noting the square-wave current through the wire by ig, and that through
the meter by i ', we have (assuming a high amplifier input impedance),
s
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or, for the instantaneous voltage across the amplifier input

(E + e

+

I E + <=)** =

i(Ka-^-nr)

+

~

R

^

^

]

,

= Ka [I- 1,
Multiplication and elimination of E and the products of the perturbations
leaves, for the fluctuating component of voltage received by the amplifier

e— K t e i d u + p?is+rI
Then, using (36) gives

In words, (37) means that the voltage fluctuation is equal to the product
of the constant wire current and the resistance fluctuation, and is a
function of i

only to the extent that it changes wire resistance.

Now

if this voltage signal is fed to the adjustable amplifier mentioned in
reference to equations (35)> we have for the output with square wave im
posed on steady input

e0i = H,(It-) +-H4i

V38>

Note the similarity among equations (35) and (38).
Returning to equation (32), and replacing i by I + T

s

to examine

the wire response with the square-wave input superimposed gives
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(Il+2rVi?XK*r) =
(39)
p v f

W

>

£

Following the procedure familiar from the two previous developments of
discarding perturbation products and time average terms, we have for the
voltage perturbation due to the square-wave current

fklIs"R“«)FWi-rF(P»*(?-M Pv ^
or

(*0 )

v'lFfoO-I'-t-S.ETo f K v r r ^ J § £
Rearranging equation (38) gives

(M)
Substitution of equation (Ul) yields, upon rearrangement

y ______ 1
~
[lr+ Cy-rr^l
L 4 P W l^o) dt _

(U2)

Comparison of this equation with equation (35a) shows that the coefficient
of the time derivative inside the brackets is the same.

This coefficient

is a function of the wire properties and heat transfer parameters only.
Hence, when a square wave of current is applied to the bridge and the
amplifier is adjusted to produce a square wave output, then the amplifier
is properly compensated for turbulence measurements.

In other words, the

2b
compensation setting which faithfully reproduces a sq.uare-wave current
input also satisfies equation (35)> so that without the square-wave, and
with the heated filament in a fluctuating stream, the amplifier output
voltage is faithfully proportional to the perturbation velocity.

It is

important to remember at this point that the compensation setting out
lined above is dependent upon the operating point of the instrument, and
must necessarily be changed if this is changed.

Hence with proper com

pensation,

if =
where

K t e s ,

(* 3)

depends only upon the amplifier gain and operating point, and

e^ is the amplifier output voltage.

The output of a properly compensated

amplifier is related to the input by the relation

e©
where

-

< ei

could be generated by either a change of resistance due to

velocity fluctuations or by a square wave current i .
s
gives a convenient method of evaluating K.

Equation (U2)

As shown in equation (37)

eX.s = ir, hence the magnitude of the output signal during the plateau of
the square wave is

IFtpM)- PS
where e

OS is the amplifier output for a square wave current input of

ig .

Solving for K gives
1*^ _

(lF(pV)

2t^PSK0

e B

e]
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. fluctuation the equation is
Also, for a square wave of velocity IJ-U

u Kte0- i]

:^pW

Hence

Kt "

iUKW,-l?TpP^

e°

Combining gives

a T ^ R . S _____- v

Taking the derivative with respect to velocity, holding the resistance
ratio constant gives

2 r(aV)N^ ^ ( K u *)p F (T^ J

which, when combined with equations (^3) an(^ ( ^ ) yields

ns - Ke =

(
dl/jv)N

Hence, at a given operating point
ir

ijL

-

•e = < e

L

which gives the desired evaluation of the constant K.

(^)
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Intensity Measurement

In turbulence work, the measurement of primary interest is the
R.M.S. value of perturbation velocity, as described under "Turbulence
Parameters", since most turbulence data are attained from it.

From

equation (U3 ), taking effective values

(vn

and since a true R.M.S. voltmeter performs this process automatically,
we have a direct proportionality between the absolute intensity of the
fluid stream turbulence and the true R.M.S. meter reading of the amplifier
output.
With the amplifier output evaluated by a true R.M.S. voltmeter,
three readings are taken:

one with the wire heating current turned off

gives the noise value, one with the wire hot, giving the combination of
noise and signal, and one with the wire heated, with the square-wave
current superimposed.

If these three readings are denoted by Mn, M, and

M_, respectively, we have

since the expected value of the cross products over a finite time period
is zero.

From equations(U8 ),

M n
-2

Ml - M

-h £ o

-
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This can he combined, with equations (46) and (47) to give

which is the absolute intensity.
Evaluation of the variables in equation (50) is as follows.

The

M's are R.M.S. voltmeter readings, ^ j ^ rj^is the slope of the calibration
curve at the operating point (see Figure 7), while i is the square-wave
s
current through the wire, which may be determined by measurement of the
total square-wave current, and from Figure 6,

crow}

or

l^b

\ =r v
S

aCTCJTMJ)

J
__

(50)

since, in the usual constant-current hot wire equipment, Rfa and R^ are a
great deal larger than the other resistors in the bridge.
Turning to the more detailed turbulence parameters, the reader
will see that the important ones are all measured by refinements of the
foregoing technique.
Having established the relationships relating velocity and in
strument output for a wire aligned perpendicularly to the flow, it is
well to turn temporarily to geometrical considerations [3, 25].
shows a wire aligned at angle

to the mean flow.

Figure 8

The effective cooling

velocity is represented by G; it is the component of total velocity which
is normal to the wire.

Cooper and Tulin [3] give the following expression

29
for the effective cooling velocity

G

=

which is valid for

U(sVn$)"
^ 60°, and 0.9 ^ n ^l.O.

-60° ^

easily determined ty a two-point wire calibration.

The constant n is

Hence the effective

perturbation velocity is

= Ag = (
■
s
i
V
i^ dU *
+
•n"U Um

*(Lo'b(3d^

But dU = u» and Udo = v, so that

^ = U (S>iv\ p>)

t IT n

p (S i n p )

)

or, combining with equation (51)
J C = -

G

W

, IT

1j

^

U

(52)

(3 )

which is accurate for

U ond ir

<

0.15

U

[ Z 5 ']

Two-Wire Probes

The use of a single wire to evaluate turbulence intensities of
flows has been explained above.

Since most turbulence studies require

more specific data than these, more than one heated wire are used in
varied orientations.
Many turbulence studies are benefited by a knowledge of the cor
relation of x- and y- directed perturbations, for instance an evaluation
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of the cross-component Reynolds stresses [3].

By definition, the x-y

correlation coefficient is

Two prohe arrays have "been used to evaluate this coefficient, the V-array
and the X-array.

For general application, the X-array is preferable, and

since the theory is essentially the same, only the X-array will be dis
cussed here. Previously the measurement of effective cooling velocities
and the effect of flow angle on the effective cooling velocity of a single
wire was explained.

If one now considers two hot-wire filaments arranged

in an X-array, and aligned so that the average velocity vector, U, exactly
divides their included angle, as in Figure 9> one sees that while the u
fluctuations affect wire A in the same way as they affect wire B, the v
fluctuations produce an opposite effect in the two wires.

This is true

because the result of the v fluctuations is a change in instantaneous
total velocity direction, rather than magnitude.
Writing equation (52) for both wires separately gives

Taking the mean-square values of these equations and their sum and difference yields,

uv can. be interpreted as a turbulent shear stress.
Page 19.
_________
u.v = u»v for turbulent flows.

See [7], page

See [7],
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(54c)

£r

A72-
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M

<^A
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3

T ^ c

(54d)

Subtracting (54b) from (54a) gives

l A 2-’ta/)o<

—

U7S~ = •
4 “ ^7

2.
A

111

(54e)

L _ S^/A’-

Solving equations (54c, d, and e) for the stream variables in terms of
measurable quantities, and using the definitions

\p

—
<\AR>~

__ <^ r ite _
,r=-_ fsr,

''ts

u v

•

1

~

r

f u 1 i T 2-/

(55a,b)

gives
(56a)

(56b)

(56c)
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Therefore, since o( and n can be easily evaluated by simple cali

^

bration, we need only measure

, and RAB> to

the stream

cat
intensities and correlation coefficient.

(Of course, it is theoretically

possible to measure the intensities without the X-array, but the distrubance caused by probe filament supports makes an accurate determination of
the v-intensity difficult by the single-wire method.)

The Correlation R.uv

To find the intensities using the X-array, we must find the wirecorrelation R^g.

The common way of doing this is to use a sum-difference

circuit at the amplifier input (see Figure 6 ) which gives the following
four signal outputs

Ka , Kg, and Kg represent the respective sensitivities of gains of the A
and B wires and the sum-difference circuit.

After passing through the

amplifier (gain Kq ), where a random noise signal en is also present, the
signals become, respectively

Kg (

K

a

l

v

$

f- 'G.a

,

Ks

b ^ b ) K s ”A ^

which, when measured by a true R.M.S. voltmeter with gain K , produce

Kry\\j(l\G- Kh t" g My
M B - K m \J (K& (Kb ^ +^M.)^
M 5 = Km,\j[kic Ks
-

j

)
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and
M

nt

- K

\| « 5 7 L'.

m

Squaring and subtracting to remove the noise terms gives, if we
remember that products of random fluctuations have time averages of zero,
due to their randomness,

E * = M* - Mtf- =

= M b1-- M S =

Er5~ —

M s

=

Ka

Ka

- IsM*”

" ,

K

b

(57a)

-

(5Tb)

K 5

k t? - &?- tCT Ij Ca - ^ IC X K b

E^-E,* = 4- Km1 K = M ^ fr,K*

£S
VE„X=

J

.

(5T=)

(57e)

(tfZWi^SfrS}). (57f)

Now a proper combination of the above equations gives, with reference to
equation (55b),

3^

^

L 4|CaKq
^ A ^ B

=

InNa1" K r ^ k^A^g

4 - K *

t = S % = -

\/^

]

\J Y $

4. ^

_
W

W

~^Ks

K h s

Furthermore, equation (57f) yields

kr^
'£

“

~^
2.

e:^

( E ^ + E

b1 )

J

which may be substituted into (57g) to give

We can therefore determine the basic stream turbulence parameters
from a single set of X-array readings.
Although the above procedure was outlined for X-array use, the
evaluation of the integral scale and other turbulence parameters requires
the use of different probe configurations.

The calculation procedure

varies only slightly, however, and is straightforward.
The reader will recall that no dependence upon matching of the
several wires has been mentioned up to this point (except that an equality
of the geometrical parameters n and c< was assumed for the X-array, which
is easily accomplished by calibration and simple manipulation of the
probe).

Indeed, for the foregoing calculations the wires need not be

matched; however their time constants must be matched so that the result
ing signals will be properly compensated in the amplifier.

This may be
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done by matching the wires, but is also easily done for similar wires by
adjusting wire heating currents (and thereby adjusting sensitivity and
thermal lag) so that the same amplifier compensation is used for both
wires.

Equation (Ul) shows the interrelationship of i and the J

'

ratio.

The Integral Scale

Since by definition the integral scale is
co
^ +
+QO

one simple way to evaluate it is to measure R^, the correlation between
velocity fluctuations at two points separated by a distance x along a
streamline.

R

is defined as
1

n

*

V/ Uf / u~

and can obviously be easily measured by two parallel wires.

Following

the development given for R ^ , equation (57) above, we have

where the subscripts 1, 2, S, and D refer to the first wire, second wire,
and their sum and their difference values, respectively.

If n refers to

the circuit noise level.

It is easy to plot a curve of R^ versus x and to integrate
graphically.
The reader will also recall that the spectrum of turbulence is
the Fourier Transform of the correlation curve, so that an inverse
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transform of the former would provide an approximate means of measuring
L , as well.

The spectrum can he measured by selective filtering tech-

niques using a single wire in traverse of the flow field under analysis.

Errors

The above equations have been derived for general use.

They are

applicable to subsonic flow wherein the temperature fluctuations are
small and the temperature itself moderate.

A full discussion of errors,

corrections and extended applications is available in the literature
(see references 5 * 7* 11* 15* l6 > 17* and 26, for example).

Computations

The previous developments outline a laborious arithmetical
exercise for each meaningful result.
of course, proven very helpful here.

The use of a digital computer has,
A simple program for the important

parameters is outlined in Appexdix C.

Further Information

For the reader who desires a more complete store of information
than that given here, persual of the listed references will be helpful.
References 3* 7* 8 * 11* and 13, will be especially beneficial because
they contain extensive bibliographies.

An interesting sidelight to the development of commercial hot
wire equipment is undoubtedly played by the present ease of mechanical
computation. It is certain that this ease has given great encouragement
to this as to a myriad of other sciences.
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Pipe-Flow Turbulence Structure

The structure of turbulence in fully-developed pipe flow was
thoroughly documented by Laufer [l] . By means of hot-wire measurements
in a 10-inch smooth pipe, he obtained data on the Reynolds stresses,
triple correlation, turbulent dissipations, and energy spectra for
velocities below 100 feet per second.

A small portion of his reported

data, which included appropriate instrument response corrections, is
shown in Figures 10, 11 and 12.
Laufer's data is recognized as an authoritative description of
pipe flow, and reproduction of data like that shown in Figures 10 and

12 should be the criteria for full development of the flow in a similar
tunnel.

Two curves are plotted in each figure, one for a Reynolds number

of 50,000 and one for 500,000.

It should be noticed that according to

Laufer's work, the effect of Reynolds number on turbulence intensity is
negligible for the inner half-radius of the pipe, and that its effect
becomes more pronounced as the distance from the wall decreases.

It will

also be apparent that the higher Reynolds numbers produced generally
higher turbulence intensities in all dimensions near the wall.
It is interesting to compare Laufer's work with that of Reichardt
[27], as quoted by Schiicting [9].

Reichardt performed similar work in a

rectangular channel to that of Laufer in the pipe as given above. Their
results are similar.

Flow Downstream of Grids and Screens

As the present meager understanding of turbulence phenomena
developed, screens and grids and the flow patterns associated with them
have had a great deal of attention.
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Screens and grids have been used, paradoxically, both to reduce
and to induce turbulence in fluid streams.

Prandtl [28], in 1933> recog

nized the stabilizing effects of screens on wind-tunnel flows and pub
lished a paper on their application.
In 1938j Taylor [29] in discussing the decay of vorticity in
low-speed flow behind a square mesh, stated that his u/u' (inverse rela
tive intensity) data gave a "good straight line" when plotted against
x/k, the distance modulus (distance downstream from grid divided by grid
mesh size).

He cited several other experimental studies to verify his

data, including work by Simmons and Salter [30].

Taylor's excellent

theoretical work [31] on the statistical theory of turbulence has been
cited by Lin [8] and many others.

Since Taylor's paper, much attention

has come to the phenomena of turbulence decay and grid-generated tur
bulence.

(See, for example, references 30 to 37-)
Shortly before the appearance of Taylor's paper, Dryden, et. al.

[37] produced a fine experimental work including decay studies which
closely resembled those of Taylor and Simmons and Salter cited severally
above, but greatly extended the range of x/M, showing a definite varia
tion from straight-line behavior on the larger scale.

The Dryden paper

supported a decay law which exhibited a straight-line plot for u/u' vs.
t)X
l/b log (l + — ), where a and b are experimental constants. Their work
also showed a near straight-line relationship between the dimensionless
integral scale L /M and X/M.
1
x
Frenkiel [38] produced in 19I+8 a theoretical treatise on turbulent
decay which proposed a decay law of the form

c5!(<=.

F|6UReI3:

P e CA X D

a

T/>> f w T E K

BAIN ES $ Pe TEKSON2)

4-0

Ul

(59)

Frenkiel compared equation

(59) to

the data of Di*yden, et. al.,

mentioned above, and also to data by Hall and to data by Corrsin

and

found good agreement.
Batchelor and Townsend [^0], in 19^7> published a summary of
their theoretical and experimental work which supported a straight-line
decay theory for 20 £ X/M £ 120.

They also found that the integral scale

was nearly constant over the range of x/M tested.
In 1951, W. D. Baines and E. G. Peterson [2] completed an exten
sive experimental study of flow through screens in which supporting data
were presented.

They tested air flows through many different grid con

figurations (including some perforated plates).
large cross section (6 x U ft) and low speed.
less than 100 ft/sec.

Their wind tunnel was of
Most tests were run at

They measured intensity and scale of a decaying

turbulent flow field behind grids and compared their results with those
of Dryden, et. al., Frenkiel, Batchelor and Townsend, Corrsin and Hall
cited above, as well as those of von Karman and Howarth

[39] and

found

good agreements with the data of Corrsin and Dryden, et. al., for the

author.

The data of Hall and Corrsin were not available to the present
See pages 317 and. 320 of reference 39 for more information.
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relation of scale to distance.

Their data agreed well with that of

Dryden, et. al. and that of Frenkiel for the intensity during decay.

The

trends of those results are sketches in Figure 13, "but for accurate inter
pretation, one should consult the original paper [2], page hjh.

The

Baines and Peterson data on lateral scale showed some translation verti
cally from grid to grid, but maintains a near-linear relationship with
about the same slope for all grids.
It was decided that the objectives of this thesis could be ful
filled by a verification of the Baines and Peterson data on decay inten
sities .

VERIFICATION PROCEDURE

As implied and stated previously, the objectives of this thesis
are to review the turbulence and hot-wire anemometer theory, and to pro
pose a program and equipment for duplication of established turbulence
data to verify local equipment and technique.

This duplication will

establish a laboratory standard for Brigham Young University.

The test

program therefore proceeded in three phases as outlined below.

Phase I :

Preliminary Tunnel Documentation

This phase consisted of measurement at nine stations in the flow
to determine the nature of the velocity profiles. The measurements were
taken with a pitot-static probe.

Phase II:

The data are shown in Appendix A.

Documentation of Flow Development and Verification by Duplica
tion of Laufer1s Data

In this phase, hot-wire anemometer measurements should be made in
the development section of the tube in an attempt to reproduce Laufer's
curves (see Figures 10 through 12).

The relative intensities should be

measured and plotted for l/2-inch increments from the center of the pipe
to the wall.

Phase III;

Investigation of Flow Behind Grids

The data of Baines and Peterson concerning the decay of isotropic
turbulence induced by flow through grids should be satisfactorily dupli
cated.

Biplane lattice grids of l/U and l/2 inch square rods were con

structed for this purpose (see Figure lU), both having a square pitch of
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F ig u r e 1^- - TEST EQUIPMENT:
P a r t A = 1- P o s it io n e r , 2X - a rra y P ro b e , 3- S in g le W ire P ro b e , 4- B ip la n e L a t t ic e
T u r b u la t o r G r id w it h M = 1 & b = 1/2 in c h .
P a r t B = 5B a s lc Anemometer, 6- S u ra - D iffe re n c e U n it , 7- O s c illo s c o p e ,
8- T ru e R .M .S . V o lt m e t e r .

W*
one inch.

In the terms of Baines and Peterson, the two grids used had a

common Mesh Size of one-inch and b values of 1fb and l/2 inch.

Hot-wire

data on the axial-direction turbulence intensity should be taken at 3-foot
intervals from the screen to 27 feet beyond.

The experimental data to be

accumulated in the last two phases of the verification program should be
analyzed for probable error
imitated here [1, 2],

and compared to those published by the authors

An average variation of ten percent or less, with

curve shapes, slopes and trends accurately reproduced, would probably be
acceptable.

References h2 and 4 3 should be helpful in the analysis of error
and the establishment of good estimates based on experimental observa
tions .

DESCRIPTION OF EQUIPMENT

Turbulence Measuring Equipment

Hot-wire anemometers of the constant-current type were used to
make preliminary measurements of the pertinent turbulence parameters. A
Flow Corporation Model HWB-1 Anemometer combined with a Model HWI-3 sum
and difference unit were used for measurements, coupled with a Ballantyne
Model 320 R.M.S. Voltmeter.

Erratic and generally unsatisfactory data

from this modified system prompted the issuance of a purchase order for
a Shapiro and Edwards Model 50 Constant-Current Hot-Wire Anemometer
in an attempt to achieve reliable and satisfactory results.

Repeated

delivery postponements made the use of this instrument impossible for this
thesis.

The probes used were Flow Corporation single and X-array probes

of standard configuration which will serve equally well with the Shapiro
and Edwards equipment.

Hot-wire calibration was achieved by comparison

at steady state with pitot tube velocity data (see Appendix B for calibra
tion curves).

Figure lU shows some of the test equipment.

Test Tunnel

A test tunnel was designed and constructed by the Brigham Young
University Mechanical Engineering Department specifically for the tests
described above.

The main tunnel consisted of circular furnace duct six

inches in diameter cut in 9-foot sections and fitted with special welded
flages to provide minimum discontinuity at assembly points.

An inlet

bell of square cross-section with an area ratio of 22 to one designed for

^5
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parallel flow in the tunnel (after Smith and Wang [Vl]) was joined to the
duct by a short square-to-round transition.

A twenty-seven foot section

of tunnel was provided to assure full developmnet of the flow, and to
allow measurement at 3-foot stations to document this development.

Each

tunnel section provided for a single diametral transverse at each of two
stations, and four diametral transverses of the tunnel cross-section at
one station.

This port arrangement assured adequate access to the fluid

stream.
Directly downstream of the flow development section of the tunnel,
a simple grid composed of square rods in a biplane lattice was inserted
to provide a decaying turbulent flow field.
mesh size were provided for.

Combinations of rod size and

Three sections of pipe similar to those

used in the development sections were provided to allow documentation of
the flow field behind the grid.
path to the inlet

A short tunnel section coupled the flow

diffusor of the fan via a flexible coupling.

Air was drawn through the tunnel by a large squirrel-cage blower
driven by a variable-speed D-C electric motor.

A maximum tunnel velocity

of about 100 feet per second, corresponding to a Reynolds number of about

10,000, was obtainable.
Care was exercised in construction and assembly to keep surfaces
smooth and minimize discontinuities.

Tunnel sections were assembled on

special mandrels and pinned to maintain alignment so that a satisfactory
tunnel surface could be maintained.

A complete set of drawings for the

tunnel and allied equipment is included as Appendix D.
the completed tunnel are given in Figures 15 and 16 .

Photographs of

F ig u r e 15 - TEST TUNNEL, IN LET END
1- T u r b u la t o r G r id L o c a t io n
2- I n l e t B e l l
■fc-

k8

F ig u r e 16 - TEST TUNNEL, FAN END
3- Fan
4- M otor
5- T u r b u la t o r G r id L o c a t io n

BIBLIOGRAPHY

Note:

Those titles marked with an asterisk (*) were not available to
the present author

1.

Laufer, J., "The Structure of Turbulence in Fully Developed Pipe
Flow", NACA Report 117&, 195^.

2.

Baines, W. D. and E. G. Peterson, "An Investigation of Flow Through
Screens", Transaction of ASME,
n.5, July, 1951.

3.

Cooper, R. D. and M. P. Tulin, "Turbulence Measurements with the HotWire Anemometer", NATO AGARDograph #12 (NASA), 1955.
Taylor, G. I., Proceedings of London Math. Soc., V. 20, n. 196, 1921.

5.

Kovaznay, L. S. G., "Development of Turbulence Measuring Equipment",
NACA TN 2839.

6 . von Karman, T. and G. I. Taylor, J. Roy. Aero. Soc., ^1, 1937 > P» 1103,
as quoted by Hinze, below.
7.

Hinze, J. 0., Turbulence, McGraw-Hill, New York, 1959, Chapters 1
and 2 .

8 . Lin, C. C., "Statistical Theories of Turbulence", Princeton Aeronau
tical Series, No. 10, Princeton University Press, Princeton, N.J.,

1961.
9.

Schlicting, H., Boundary Layer Theory, McGraw-Hill, New York, i960,
Chapter 18.

10.

Attributed to von Karman, by Dean, p. 128, (Reference ll).

11.

Dean, Jr., R. C. (ed.), "Aerodynamic Measurements", Massachusetts
Institute of Technology Gas Turb. Lab., Cambridge, Mass., 1953.

12.

Taylor, G. I., "The Spectrum of Turbulence", Proc. Roy. Soc. of
London, Ser. A, Vol. l6b, 1938.

13.

Schubauer, G. B. and G. M. Tchen, "Turbulent Flow", Princeton Aero
nautical Series, No. 9, Princeton University Press, Princeton, N.J.,
1961.

ik.

Beckwith, T. G. and N. L. Buck, Mechanical Measurements, AddisonWesley, Reading, Mass., 1961, p. 3^5-86.

15.

"Selected Topics in Hot-Wire Anemometer Theory", Bulletin 25, Flow
Corporation, Cambridge, Mass., i960.
U9

50
16.

Lowell, H. H., "Design and Applications of Hot-Wire Anemometers for
Steady-State Measurements at Transonic and Supersonic Airspeeds",
NACA-TN 2117, July, 1950.

17.

Spangenburg, W. G., "Heat Loss Characteristics of Hot-Wire Anemo
meters", NACA-TN 3381, May, 1955*

18.

Carslaw, H. S. and J. C. Jaeger, Conduction of Heat In Solids, Oxford,
London, 19I+8 , pp. 128-31.

19.

Churchill, R. V., Fourier Series and Boundary Value Problems, McGrawHill, New York, I9I+I, pp. 110-11.

20.

McAdams, W. H., Heat Transmission, McGraw-Hill, New York, 195*+,
pp. 252-68 .

21.

Krieth, F., Principles of Heat Transfer, International, Scranton, Pa.,
1958, pp. 1+75-79.

22.

King, L. V., "On the Convection of Heat from Small Cylinders in a
Stream of Fluid", Phil. Trans. Roy. Soc. of London, A, 2ll+, 191U.

* 23.

Kovaznay, L. S. and S. I. Tormark, "Heat Loss of Wires in Supersonic
Flow", Bumblebee Report No. 127, John Hopkins, 1950.

2k.

"Model HWB-3 Hot-Wire Anemometer Theory and Instructions", Bulletin
370, Flow Corporation, Cambridge, Mass., 1962.

25 .

"X-Wire Turbulence Measurements", Bulletin 68, Flow Corporation,
Cambridge, Mass., 1962.

26.

Corrsin, S., "Extended Applications of the Hot-Wire Anemometer",
NACA-TN 1861+, 191+9.

27.

Reichardt, H., "Messungen Turbulenter Schwankungen", Naturwissenschaften Uol+, 1938.

28.

Prandtl, L., "Attaining a Steady Air Stream in Wind Tunnels", NACATM 726, October, 1933.

29 . Taylor, G. I., "Production and Dissipation of Vorticity in a Tur
bulent Fluid", Proc. Roy. Soc. of London, Ser. A, l61+, 1938.
^ 30.

Simmons and Salter, as quoted by Taylor, G. I., JAS k,

1937, P* 311.

31.

Taylor, G. I., "Statistical Theory of Turbulence", Proc. Roy. Soc. of
London, Ser. A, 151, pp. 1+21-78.

32.

Dryden, H. L. and G. B. Schubauer, "The Use of Damping Screens for
the Reduction of Wind-Tunnel Turbulence", JAS ll+, 191+7, p. 221.

33.

Schubauer, et. al., "Aerodynamic Characteristics of Damping Screens",
NACA-TN 2001, 1950.

51
3^.

Townsend, A. A., The Structure of Turbulent Shear Flow, Cambridge
University Press, Cambridge, Eng.,1956.

35.

Loitianskii, L. G., "Some Basic Laws of Isotropic Turbulent Flow",
NACA-TM 1079> 19^5.

36 . Dryden, H. L. and Abbot, "The Design of Low Turbulence Wind-Tunnels",
NACA-TN 1755, 19^8.
37•

Dryden, H. L., et. al., "Measurements of Intensity and Scale of
Wind-Tunnel Turbulence and Their Relation to the Critical Reynolds
Number of Spheres", NACA Report 581, 1937.

38. Frenkiel, F. N., "The Decay of Isotropic Turbulence", Transactions of
ASME (JAM) 15, December, I9U8 , p. 311.
39*

von Kannan, T. and L. Howarth, "On the Statistical Theory of Isotropic
Turbulence", Proc. Roy. Soc. of London, A, l6U , 1938, p. 192.

Uo.

Batchelor, G. K. and A. A. Townsend, "The Decay of Vorticity in
Isotropic Turbulence", Proc. Roy. Soc. of London, A, 190, 19^7 > P* 53^*

i+l.

Smith, R. H. and C. Wang, "Contracting Cones Giving Uniform Throat
Speeds", JAS 11, October, 1956, pp. 356-60.

k2.

Kline, S. J. and F. A. McClintock, "Describing Uncertainties in SingleSample Experiments", Mechanical Engineering, V. 75 y n. 1, p. 3>
January, 1953•

^3.

Bowker, A. H. and G. J. Lieberman, Engineering Statistics, PrenticeHall, Englewood Cliffs, N.J., 1961, Chapters 8 and 11.

APPENDIX A

FLOW DEVELOPMENT VELOCITY PROFILES

Figure 17 shows velocity profiles taken at the nine stations of
the flow development section of the tunnel.

The average velocity in the

tunnel was about 71 feet per second, corresponding to a Reynolds Number
5

of about 1.7 x 10 . There was no grid present in the tunnel during the
tests.
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APPENDIX B

ACTUAL HOT-WIRE ANEMOMETER CALIBRATION CURVES

A set of calibration data for a single wire, taken from the Flow
Corporation Model HWB, is shown in Figure l8.

Part A shows the U vs. I

calibration, while Part B demonstrates the near-linearity of the I

5^

2

vs.

160

200

240

APPENDIX C

DATA REDUCTION PROGRAM

This appendix outlines a simple digital computer program which
was prepared with the Intercom 500 system for the CDC G-15 Computer.

It

was designed to allow maximum flexibility and provides the user with the
following computational possibilities:
1-

Pitot Tube Velocity for Calibration

2-

Single-wire Intensities

3-

Two-wire Intensities and the Correlation

U-

X-array Intensities and the Correlation R

J

uv

It can be used with typewriter or Flexowriter-punched paper tape inputs.

Control
The program can be modified to repeat only those calculations
needed for a particular one of the above data by the insertion of a "1"
as shown in the following table.

TABLE 1:

COMPUTER PROGRAM CONTROL POINTS

A "1" in the following locations transfers control back to the beginning
after completion of the given part of the program
LOCATION

COMPUTATIONS WANTED

0971

Calibration Only

0972
0973

Calibration + Single-wire Intensity
Calibration + Two-wire Intensities +

R12

"*This program is available in detail to the interested reader.
Write to the Chairman, Mechanical Engineering Department, Brigham Young
University,
Utah.
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Normally, the first control point or "flag" "1" entered will take preced
ence.

Therefore, zeros should he entered in all but one of the above

locations.

If a zero is entered into all three locations, the X-array

data will be calculated before recycle.

Of course, the printout will be

modified according to the control code entered.

Input Data
The following input data are required for the complete program,
or for the parts used according to the above code.

Those data which may

be omitted from the input are noted below.

TABLE 2:

INPUT

INPUT DATA
STORAGE
ADDRESS

DESCRIPTION

I

Average Current

920

Ap

Pitot Signal

921

Atm Pressure

922

Atm Temperature

923

Square-Wave Current

916

Noise:

92h

Po

T0
i

s

«NA
ma

%
(dl/4U)NA

%
“b

Signal:

Wire A
Wire A

925

Signal + Sq Wave: Wire A

926

Calibration Slope: Wire A

927

Noise:

929

Signal:

B
B

930

N
(ai/au)ro

Signal + Sq Wave:

tan

Tangent of Attack Angle

917

n

Angle Constant

918

Noise:

93^

«NC

md

B

Calibration Slope:

Signal:

OMIT________ FOR
Calibrate 1-Wire

Combined
Sum

S ignal: Di fferenc e

B

931
932

935
936

I

Program
Table 3> on the following pages, contains a flow chart for the
computations.

The equations involved are given below.

storage address matrix.

Table 4 gives the

TABLE 5
S IM P L IF IE D

C O M PU TER

PRCfagMA em s/ CUtMCT
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TABLET A-*. STORAGE* MATRIX
0900 G9IO Cf9lD C9S0 0940 COSO C&cO O Q lO OOSD
0

2-0

1

4,0

15-3

—

I

M„ a
M*T

Ap

2

fo

3

To

u
Mmc.

M1a

4-

1*0

MnA
c

3

460.

M*

2>

is

E l

u'/'\1

Ed

V/~

M
Ta-Ma EaE b
Ea

4t

FLA(sO

FlA/j 1
FL&2
Fuxts3

£*+e*
$6

Mja

Lar\ oc

1

$ $

Mb

Mb
R ab

MM
C. Mbs
flft

8

n

XI

Mb

Mnb

U

Ea

<%

Print Format
The printout occurs in the following form.

Those data omitted

from the calculation hy control commands will not appear in the printout
TABLE 5:
U

PRINT FORMAT

i
V *

u 1/u

v'/U

Ruv

V °

*12

APPENDIX D

TUNNEL DESIGN DRAWINGS

The pocket inside the hack cover contains some of the working
drawings prepared for the construction of the turbulence test tunnel.
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ABSTRACT

The generally Important parameters of turbulent flow are des
cribed and discussed.

A literature survey of information dealing with

these parameters and their measurement is presented. The theory of the
V
hot wire anemometer is presented and equations for its use are derived.
Experimental means for the evaluation of a hot wire anemometer
are proposed, together with the design of a facility for such an
evaluation.

Computer programs, calibration curves, tunnel velocity

profiles, and design drawings are appended.
A test facility for the proposed experiments, designed and built
by the author, is described.
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